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ABSTRACT 

Surface analysis techniques have been used to investigate 
tin oxide-coated soda lime glass specimens prior and 
subsequent to their exposure to DC bias, heat, and humidity. 
All specimens reported here comprise the following layered 
structure: tin oxide/silicon oxycarbide/glass. Depth 
profiling using X-ray  photoelectron spectroscopy (XPS) 
clearly shows the interfacial regions in both control samples 
and samples exposed to the above-mentioned conditions 
(stressed). Control samples show distinct and relatively 
compact interfacial regions as well as an intact silicon 
oxycarbide diffusion barrier. Stressed films, however, show 
more diffuse interfacial regions and a physically and 
chemically altered silicon oxycarbide diffusion barrier. This 
deterioration of the diffusion barrier is proposed to be a pre-
requisite event to enable tin oxide delamination. 

1. Introduction 
Thin-film PV success depends on the viability of modules 

under long-term exposure to widely varying environmental 
conditions. Temperature and humidity are two of the most 
important environmental conditions, and the performance of 
PV modules subjected to these conditions ultimately 
determines module reliability. Recent observations of both 
deployed modules and modules subjected to accelerated 
lifetime testing to simulate long-term environmental 
exposure seem to indicate, that under certain  combinations 
of temperature and humidity as well as operational or 
applied voltages, delamination of the tin oxide thin film 
from the glass substrate can occur.[1] A definitive and 
experimentally proven mechanism responsible for tin oxide 
delamination has yet to appear in the literature, however, it 
seems that heat, humidity, and operational or applied 
voltage, either separately or in combination, are active in the 
mechanism. Since sodium is a major component of soda 
lime glass, many researchers  believe that sodium migration 
is involved in the delamination mechanism.  The most likely 
explanation for this link is based on the exchange of sodium 
counterions in glass for hydrogen from water to create 
silanol (SiOH) groups accompanied with the formation of 
sodium hydroxide. The sodium hydroxide further attacks 
the glass Si-O-Si network structure to form additional 
silanol end groups.[2] This in turn can lead to tin oxide-
glass delamination. 

There have been few reports of the application of surface 
analysis techniques toward understanding the mechanism 
behind tin oxide-glass delamination. A fair amount of basic 
surface analysis has been performed on tin oxide films and 
glass substrates; however, most of this work has not been 

PV related.  Furthermore, relatively little surface analysis 
has been performed on laboratory PV specimens subjected 
to accelerated lifetime testing or on actual deployed 
modules for that matter.  Examination of delaminated tin 
oxide-glass structures seems to be limited to utilization of 
scanning electron micrographs that, while qualitatively 
providing an image of the delaminated surface, do not 
provide for surface chemical element compositional 
information or information regarding chemical bonding 
structure/environment. Surface analysis techniques such as 
XPS are well suited for these investigations. As well as 
qualitative and quantitative surface information obtained 
from XPS, binding energies of ejected photoelectrons are 
sensitive to chemical valence state and local chemical 
environment. In addition to providing true surface analysis 
of the specimens with an information depth of about 
50-100 Å, an argon sputter gun can be used to controllably 
sputter through the film to reveal information beyond the 
first 50-100 Å and provide a true chemical element depth 
profile. Depth profiles are then particularly useful for 
examination of materials that contain interfacial regions 
such as the tin oxide/silicon oxycarbide/glass system. 

Finally, although the structure and composition of glass 
and tin oxide have received a reasonable amount of attention 
in the literature, there seems to have been little focus on 
exploring the composition, integrity, and intended role of 
the silicon oxycarbide (SiOxCy) layer. 

2. Experimental 
Samples from NREL and Energy Photovoltaics (EPV) 

were used in these studies. EPV has developed a procedure 
for stressing transparent conductive oxide (TCO) films that 
is described in a recent paper.[3] First, electrical 
connections are established to the samples by soldering 
copper wire to the TCO and soldering an indium contact pad 
to the glass side. The sample is placed glass side down on 
an electrically conductive pre-heated metal hot plate at 180º 
to 225ºC with the TCO contact connected to the negative 
side of a DC power supply and the electrically conductive 
hot plate (in contact with the glass contact) connected to the 
positive side of the supply.  10 to 100 VDC are applied for 
upward of 15 minutes. Finally, the sample is allowed to 
cool either in air, under dry conditions, or in a humid 
environment. An apparatus currently under construction at 
NREL is similar to the EPV design, but will involve certain 
unique features such as alternative methods for connections 
to the glass and tin oxide as well as utilization of ultra low 
humidity glove box storage conditions. Control and 
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stressed samples were all examined using a PHI 5600 XPS 
spectrometer equipped with a monochromatic aluminum X-
ray source. A base vacuum level of approximately 5 x 10-10 

torr ensures a negligible amount of additional moisture 
exposure once samples are placed in the instrument. 
Finally, an argon sputter gun is used to sputter the samples 
in a controllable fashion by alternating data collection and 
sputter cycles. 

3. Results and Discussion 
Figure 1 shows the XPS depth profile for a commercial 

sample of tin oxide/glass that was not subjected to the 
above-described stressing procedure. The y-axis displays 
atomic concentration of the corresponding elements, and the 
x-axis is sputter time in minutes. Through proper 
calibration of the instrument, this axis may alternatively be 
plotted as thickness. An initial survey scan of this sample 
revealed only tin, oxygen, and adventitious carbon within 
the first 50-100 Å of analysis depth.  The tin oxide layer is 
estimated to be over 8000 Å, and, consequently, only tin 
and oxygen are determined for the first 190 minutes of 
sputter time. Due to the thickness of the tin oxide and its 
uniform composition, the first 100 minutes of the profile are 
not shown in Fig. 1. One peak for oxygen 1s photoelectrons 
derived from oxygen in tin oxide is observed at a binding 
energy of 530.6 eV. As the sputter crater reaches a depth 
wherein photoelectrons from  additional oxygen-containing 
layers are detected, a second broad O1s peak begins to 
appear. This peak is centered at 533.0 eV and is well 
resolved from the tin oxide oxygen peak.  By using oxygen 
1s scans from the beginning and end of the depth profile, 
linear least squares analysis (LLS) is used to fit the two 
forms and then plot the corresponding contributions from 
these forms as a function of sputter time. The peak at 533.0 
eV is due to photoelectrons from oxygen in glass as well as 
oxygen in the silicon oxycarbide layer in proportions 
dependant on sputter depth. Photoelectrons from oxygen in 
both the glass and silicon oxycarbide layer occur at a higher 
binding energy than oxygen in tin oxide due to their more 
electropositive environment compared to their environment 
in tin oxide; and assignments are consistent with literature 
values.[4] Using a smaller pass energy on the XPS analyzer 
in future studies may resolve the glass and oxycarbide 
oxygen forms. 

Figure 1. XPS depth profile of control sample 

Occurring almost simultaneously with the appearance of 
the second oxygen peak in the depth profile was the 
appearance of silicon, which persisted throughout the 
completion of the depth profile. Unlike the oxygen spectra, 
the silicon spectra did not have two well-resolved 
components. Rather, the peak seemed to shift from 
103.0 eV at the onset of detection, to about 103.6 eV as bulk 
glass was approached. Figure 2 shows a stack plot of 
selected silicon spectra as a function of increasing sputter 
time. Target factor analysis (TFA) was conducted to 
determine that two individual silicon species were 
responsible in varying proportions for the peaks – one 
centered at 103.0 eV occurring early in the profile, and the 
other at 103.6 eV dominating later in the profile. In TFA, 
principal component analysis (PCA) is first used to 
determine the number of component spectra required to 
reproduce the original spectra data within a certain amount 
of experimental error. In the next stage, spectral target 
factor analysis is performed to test each suspected 
component spectrum from the profile itself.  Finally, once 
all the component spectra are identified, TFA will display 
the atomic concentration of each component as a function of 
sputter time. Figure 3 illustrates the two silicon-containing 
components determined by TFA for this depth profile. By 
displaying the resultant silicon components in the depth 
profile, the silicon species at 103.0 eV appears within a 
distinct window in the profile from about 180 to 230 
minutes and is clearly due to Si in SiOxCy. The assignment 
of this component to Si from SiOxCy is further substantiated 
by the appearance of carbon within this same window (see 
below). The second Si-containing component at 103.6 eV 
begins to appear at about 210 minutes and eventually 
dominates the silicon species throughout the rest of the 
profile. This species is clearly due to Si in glass.  The 
binding energies of these two Si peaks are consistent with 
the local chemical environments of Si in SiOxCy vs. Si in 
glass and is consistent with literature values.[4,5]  Within 
the same window of sputter time that the SiOxCy silicon 
peak dominates, a single carbon peak centered at 284.0 eV 
also appears, consistent with carbon from SiOxCy. The Si 
(glass) peak is accompanied by the appearance of the alkali 
metal components of glass (Na, Mg and Ca), which are not 
shown. 

Figure 2. Silicon stack plot 

2 



Figure 3. Principal silicon components (control) 

The XPS depth profile of the EPV stressed sample is 
shown in Figure 4. The sample was stored in desiccant 
prior to analysis in an attempt to delay or avoid tin oxide 
delamination. EPV has found that if samples are subjected 
to the final step of the procedure (humidity exposure), the 
tin oxide will delaminate. As in Fig. 1, the first 100 minutes 
of the profile have been truncated. Oxygen 1s peaks and 
assignments are identical to those of the control sample. The 
maximum for carbon concentration was found to occur at a 
slightly higher sputter time than for the control sample, 
which may be due to slightly different sputtering rates of the 
instrument since the samples were analyzed several days 
apart.  For comparison purposes, the profiles for Figs. 1 and 
4 have been time adjusted to align this carbon peak. As the 
profile first approaches and then extends into the bulk glass, 
sodium, magnesium and calcium begin to appear, and, 
eventually, steady state concentrations of these elements as 
well as silicon and oxygen from glass are reached. Note that 
sodium, magnesium, and calcium are not shown in the 
profile. 

The profile for the stressed sample in Fig. 4 is markedly 
different from the control profile in Fig. 1. First of all, the 
interfacial regions are not as sharply defined as in the 
control.  Although the sample was stored in desiccant by 
EPV, it is possible that the delamination process has started. 
The degree to which this has potentially occurred would 
depend on a multitude of variables, including desiccant 
condition, threshold levels of humidity required for 
delamination, and exposure time to ambient prior to loading 
the sample in the instrument etc. A previously compact tin 
oxide layer that deteriorates and detaches from the SiOxCy 
layer or along with SiOxCy with the creation of voids would 
explain the qualitative differences in the tin profiles. Unlike 
the control sample, the stressed sample does not exhibit two 
distinguishable silicon components as tested by TFA.  This 
means that even though Si 2p photoelectrons  may arise 
from multiple silicon-containing species, all the silicon 
atoms exist in indistinguishable valence states or chemical 
environments, resulting in one peak centered at about 
103.2 eV. This indicates that there has been a chemical 
breakdown of the silicon oxycarbide diffusion barrier, and 
the extended window over which carbon detection occurs 
may be an indication of a deterioration  of  SiOxCy  physical 

integrity, such as interfacial failure within the SiOxCy layer. 
In fact, additional analyses of EPV delaminated samples 
were conducted but are not illustrated here.[3]  In areas 
where no visible tin oxide remains, XPS survey scans 
detected only carbon, silicon, oxygen, and alkali glass 
metals. Furthermore, depth profiles revealed that the carbon 
detected was due only negligibly to surface-confined 
adventitious carbon, since depth profiles revealed steady 
state carbon concentrations upward of 20 atomic percent for 
over 20 minutes. These observations are consistent with 
complete or partial interfacial failure at or within the silicon 
oxycarbide layer for both this and the sample represented by 
Fig. 4, respectively. 

At this time, we have seen no reliable differences in the 
degree of sodium migration for control and stressed 
samples.  However, a chemical and physical breakdown of 
the diffusion barrier would certainly allow for a sodium-rich 
glass surface to interact with diffused water to create a 
caustic alkali environment capable of destroying the 
-Si-O-Si- network structure and the associated interfacial 
bonds. 

Figure 4. XPS depth profile of stressed sample 

4. Conclusions 
XPS depth profile investigations of control and stressed 

tin oxide thin films on glass have proven to be a useful tool 
toward better understanding interfacial failure mechanisms 
and resulting delamination events.  Various data reduction 
techniques were employed to carefully examine the depth 
profile data including linear least squares fitting and target 
factor analysis. Depth profiles of the samples were 
consistent with a layered structure described as SnO2/ 
SiOxCy/glass, and all of the interfaces of the samples were 
clearly evident. In both control and stressed samples, linear 
least square fitting of the oxygen profile was employed by 
using scans from early and late in the profile to define 
representative oxygen forms.  As a result, oxygen from tin 
oxide can easily be distinguished from oxygen in glass and 
SiOxCy. Although it was not possible to deconvolve oxygen 
as silicon oxycarbide from oxygen as glass, future studies 
will employ higher resolution detection and angle-resolved 
XPS techniques in combination with data reduction 
techniques to try to distinguish these forms. A separation of 
their respective contributions may in fact not be possible 
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due to the similar chemical environments of oxygen in both 
of these forms. 

Of particular interest in the samples was the clear 
indication of the silicon oxycarbide layer. Over the course 
of the profile for the non-stressed control sample, target 
factor analysis revealed two unique silicon-containing 
components. The lower binding energy component 
coincided with the appearance of a carbon peak within the 
same sputter time window, and this lower energy Si 
component was assigned to Si from the silicon oxycarbide 
layer.  Somewhat later in the profile, a higher binding 
energy form of Si begins to dominate the Si signal and is 
assigned to Si from glass. Identification of the diffusion 
barrier layer in the control was found to be critical toward 
comparing this same layer in stressed samples where an 
apparent physical and chemical breakdown of the diffusion 
barrier seems to occur. This breakdown is believed to be a 
critical event during interfacial failure that ultimately may 
enable the delamination event. 

Ongoing studies are focused on the examination of a 
multitude of other tin-oxide-coated glass samples by XPS as 
well as other surface analysis techniques. Samples are 
being prepared by a variety of techniques, and stress 
parameters are thoroughly varied and examined. In 
addition, data collection parameters are under investigation, 
including varied sputter interval times/rates, detector pass 
energy, and sample tilt angle (angle resolved). 

5. Acknowledgements 
The author would like to acknowledge Mr. Kai Jansen of 

Energy Photovoltaics for various samples as well as Mr. 
Christopher Cording of AFG Industries for background 
information on glass fabrication. Dr. Andrew Back of 
Physical Electronics is acknowledged for several 
informative communications regarding target factor 
analysis.  Dr. Sally Asher of NREL is acknowledged for her 
assistance with preparation of the figures presented in this 
paper. DOE supported this research under contract no. DE-
AC36-99GO10337. 

REFERENCES 
[1] C.R. Osterwald, T.J. McMahon, J.A. del Cueto, 
“Electrochemical Corrosion of SnO2:F Transparent 
Conducting Layers in Thin Film Photovoltaic Modules,” 
Solar Energy Materials and Solar Cells., in press, 2002. 
[2] D.E. Clark, C.G. Pantano, L.L. Hench, Corrosion of 
Glass (Books for Industry, New York) 1979. 
[3] K.W. Jansen, A.E. Delahoy, “A Laboratory Technique 
for the Evaluation of Electrochemical Transparent 
Conductive Oxide Delamination from Glass Substrates,” 
Thin Solid Films, 423 (2003) pp. 153-160. 
[4] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, 
Handbook of X-ray Photoelectron Spectroscopy (Physical 
Electronics, Inc., Eden Prarie, Minnesota) 1995. 
[5] C. Önneby, C.G. Pantano.  “Silicon Oxycarbide 
Formation on SiC Surfaces and at the SiC/SiO2 Interface,” 
J. Vac. Sci. Technol. A 15(3) (1997) pp. 1597-1602. 

4


mailto:irene_passage@nrel.gov


REPORT DOCUMENTATION PAGE Form Approved 
OMB NO. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
May 2003 

3. REPORT TYPE AND DATES COVERED 
Conference Paper 

4. TITLE AND SUBTITLE 
Surface Analysis of Stressed and Control Tin Oxide Thin Films on Soda Lime Glass 5. FUNDING NUMBERS 

PVP3.3301
6. AUTHOR(S) 

J. W. Pankow 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
National Renewable Energy Laboratory 
1617 Cole Blvd. 
Golden, CO 80401-3393 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 
NREL/CP-520-33602 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 
National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 
Surface analysis techniques have been used to investigate tin oxide-coated soda lime glass specimens prior and subsequent 
to their exposure to DC bias, heat, and humidity.  All specimens reported here comprise the following layered structure: tin 
oxide/silicon oxycarbide/glass.  Depth profiling using X-ray photoelectron spectroscopy (XPS) clearly shows the interfacial 
regions in both control samples and samples exposed to the above-mentioned conditions (stressed). Control samples show 
distinct and relatively compact interfacial regions as well as an intact silicon oxycarbide diffusion barrier. Stressed films, 
however, show more diffuse interfacial regions and a physically and chemically altered silicon oxycarbide diffusion barrier. 
This deterioration of the diffusion barrier is proposed to be a pre-requisite event to enable tin oxide delamination. 

14. SUBJECT TERMS 
delamination; x-ray photoelectron spectroscopy; transparent conducting oxides; thin 
films 

15. NUMBER OF PAGES 

16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 
Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 
Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 
Unclassified 

20. LIMITATION OF ABSTRACT 

UL 

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 

298-102 


	33586017.pdf
	Home
	Proceedings
	Table of Contents
	Introduction
	Message from the Chairpersons

	Plenary Session I
	Opening Remarks
	NREL Welcome
	An Energy Security, Systems Context for Solar Energy Technologies
	Welcome to the NCPV and Solar Program Review
	Solar Energy Technologies—Contributing to a Robust Energy Infrastructure

	Plenary Session II
	R&D Opportunities in Solid State Lighting
	Photovoltaic Technology Experience Curves and Markets
	The DOE Solar Program: Photovoltaics
	Solar Thermal Overview
	Concentrating Solar Power Award Presentation
	Paul Rappaport Award Presentation

	Luncheon Topic: An Introduction to Solid-State Lighting
	What the PV Specialists Might Like to Know about Solid-State Lighting
	Solid State Lighting for Human Development

	Module Reliability
	Long Term Photovoltaic Module Reliability
	Stabilization of High Efficiency CdTe Photovoltaic Modules in Controlled Indoor Light Soaking
	Surface Analysis of Stressed and Control Tin Oxide Thin Films on Soda Lime Glass
	Materials Testing for PV Module Encapsulation
	Development of a Super Fast-Cure and Flame-Retardant EVA-Based Encapsulant
	Long-Term Performance of the SERF PV Systems

	III-V Materials and Concentrators
	Defects in GaInNAs: What We've Learned So Far
	The Promise of III-V Nitrides: Useful Properties out of Anomalous Physics
	Recrystallized Germanium on Ceramic for III-V Solar Cells Applications
	Advances in High-Efficiency Multijunction Terrestrial Concentrator Cells and Receivers
	Progress Report on the Integration of the Emcore Triple-Junction Solar Cell into a �High Concentration Ratio Fresnel Lens-Based Receiver
	Concentrating Photovoltaic Module Testing at NREL's Concentrating Solar Radiation Users Facility

	Crystalline Silicon
	Rapid Thermal Processing Enhanced Hydrogenation and Screen-Printed Contacts in �Silicon Ribbon Solar Cells
	Investigation of Electrical Activity of Dislocation and Grain Boundary in Polycrystalline Float Zone Silicon
	Impact of Metal Impurities on Solar Cell Performance
	Scanning Photoluminescence in Si3N4 Antireflected Coating of uc-Si

	Discussion with Ray Sutula, Manager, U.S. DOE Solar Energy Technologies Program
	Discussion on the Systems-Driven Approach to Research Planning
	Question and Answer Session on the Systems-Driven Approach

	Long-Term R&D Needs
	Solar Electric Future: Linking Science, Engineering, Invention, and Manufacturing
	R&D on Shell Solar’s CZ Silicon Product Manufacturing
	Polymer Photovoltaics — Challenges and Opportunit
	The AC PV Building Block — Ultimate Plug-n-Play that Brings Photovoltaics Directly to the Customer

	Synergies between Solid-State Lighting and PV
	Synergies Connecting the Photovoltaics and Solid-State Lighting Industries
	Research and Manufacturing Synergies between LEDs and PV
	OLEDs for General Illumination? Research & Development Issues
	Solar-Powered LED Lighting Technology

	Cadmium Telluride
	Manufacturing and Technology Development Programs at First Solar
	Mostly Nonuniformity Issues in Thin-Film PV
	Role of Process Chemistry and Stability on CdTe-Based Solar Cell Performance
	Spatially Resolved Cathodoluminescence of CdTe Thin Films and Solar Cells
	ZnTe:Cu Contact Optimization Strategies for Single-Junction and Multi-Junction CdS/CdTe PV Device Designs
	CdTe PV: Real and Perceived EHS Risks

	Systems Analysis and Reliability
	Advanced Dish Development System Test and Reliability Improvement
	A System-Driven Approach to Parabolic Trough R&D
	CSP Tower System Analysis and Program Planning
	Lifecycle Cost Assessment of Fielded Photovoltaic Systems
	Certification Programs for the Photovoltaic Industry Status and Plans
	Solar Building Systems Analysis

	Excitonics and Exotica: Advanced PV Concepts
	Advanced Concepts for Photovoltaic Cells
	Organic-Based ("Excitonic") Solar Cells
	Organic Photovoltaics Based on Self-Assembled Mesophases
	Influence of Device Architecture and Interface Morphology on the Power Conversion Efficiency of �Small Molecular Photovoltaic Cells
	Polymer Based Nanostructured Donor-Acceptor Heterojunction Photovoltaic Devices
	Solar Energy Conversion with Ordered, Molecular, Light Harvesting Arrays

	Luncheon Topic: the Solar Decathlon
	Solar Decathlon, Energy We Can Live With

	Copper Indium Diselenide and Alloys
	High Yield CIS Production — Progress and Perspectives
	Mesoscopic Fluctuations in the Distribution of Electronic Defects Near the Surface Layer of Cu(In,Ga)Se2
	Microstructure of Surface Layers in Cu(In,Ga)Se2 Thin Films
	Advances in CuInSe2-Based Solar Cells: From Fundamentals to Processing
	New Methods for the Study of Defect Distributions in the Copper Indium Diselenide Alloys

	Concentrating Solar Power Technology
	SOLTRACE—a New Optical Modeling Tool for Solar Optics
	Improved Alignment Technique for Dish Concentrators
	Performance and Durability of Solar Reflectors and Solar Selective Coatings
	Trough Technology: The Path to Market Competitiveness at the NSTTF
	Parabolic Trough Testing and Component Evaluation
	Testing Thermocline Filler Materials for Parabolic Trough Thermal Energy Storage Systems

	PV Systems Engineering and Reliability
	Photovoltaics as a Distributed Energy Resource
	PV Inverter Testing, Modeling, and New Initiatives
	Sustainable Hybrid System Deployment with the Navajo Tribal Utility Authority
	Photovoltaic System Performance Characterization Methodologies
	Performance Index Software for the CEC/SMUD ReGen Program
	PV Inverter Products Manufacturing and Design Improvements for Cost Reduction and Performance Enhancements

	Amorphous and Thin-Film Silicon
	Status of Amorphous and Crystalline Thin Film Silicon Solar Cell Activities
	Status of Hydrogenated Microcrystalline Silicon Solar Cells at United Solar
	Thin Silicon-on-Ceramic Solar Cells
	Amorphous and Microcrystalline Silicon Solar Cells--A Status Review
	Discussion: Amorphous and Thin-Film Silicon

	Solar Thermal, Solar Lighting, and Building-Integrated PV
	Testing and Evaluating a Solar Water Heating Product for the New Home Market
	Polymer Solar Thermal Systems
	Polymer Materials Durability
	ORNL's Hybrid Solar Lighting Program: Bringing Sunlight Inside
	Integrated Energy Roofs
	Plug and Play Components for Building Integrated PV Systems

	Manufacturing Research and Development
	PowerGuard Lean Manufacturing—Phase I Accomplishments
	PVMaT Improvements in BP Solar Large-Scale PV Module Manufacturing Using Ultra-Thin Multicrystalline Silicon Solar Cells
	Specific PVMaT R&D in CdTe Product Manufacturing
	APex™ Solar Cell Manufacturing
	EFG Ribbon Technology R&D for Large Scale Photovoltaic Manufacturing
	Process Control Advancements for Flexible CIGS PV Module Manufacturing

	Plenary Session III: Market Pull/Technology Push -- Where to Invest?
	Introduction
	Arizona Environmental Portfolio Standard
	Photovoltaics Market Pull
	Concentrating Solar Power Systems
	PVEnergy Systems, Inc., PV Forecast
	California Solar Energy Industries Association Presentation
	Strategies for Mainstreaming Grid-Connected PV This Decade
	Market Pull/Technology Push--Where to Invest?

	Poster Session: Advanced PV Concepts
	Polymer Hybrid Photovoltaics for Inexpensive Electricity Generation
	Does Network Geometry Influence the Electron Transport Dynamics in Mesoporous Nanoparticle Solar Cells?
	The Effects of Processing Conditions on Polymer Photovoltaic Device Performance
	Growth and Properties of Microcrystalline Ge-C Films and Devices
	Anchoring Group and Linker Effects on TiO2 Binding and Photoelectrochemical Properties of �Solar Cell Dyes
	Broad Band Rugate Filters for High Performance Solar Electric Concentrators
	Optical Rectenna for the Direct Conversion of Sunlight to Electricity

	Poster Session: III-V Materials and Concentrators
	Advances in III-V Compounds and Solar Cells Grown on SiGe Substrates
	Selective Nucleation and Growth of GaAs on Si
	Stress Evolution in GaAsN Films Grown by Reactive Molecular Beam Epitaxy
	III-Nitride Semiconductors for Photovoltaic Applications
	Defect Trapping in InGaAsN Measured by Deep-Level Transient Spectroscopy
	GaNPAs Solar Cells that Can Be Lattice-Matched to Silicon
	Wafer Bonding and Layer Transfer Processes for High Efficiency Solar Cells
	Criteria for the Design of GaInP/GaAs/Ge Triple-Junction Cells to Optimize Their Performance Outdoors
	Projection of Best Achievable Efficiency from GaInP/GaAs/Ge Cell under Concentration
	Optical Design Studies for the Flat-Plate Micro-Concentrator Module
	Innovative Approach for the Design and Optimization for Multijunction Photovoltaic Devices
	Determination of Spatial Uniformity by Ion Imaging with Secondary Ion Mass Spectrometry (SIMS)

	Poster Session: Crystalline and Polycrystalline Silicon
	Hydrogenation of Bulk Si from SiNx:H Films: What Really Ends Up in the Si?
	Hot-Wire Chemical Vapor Deposition for Epitaxial Silicon Growth on Large-Grained Polycrystalline Silicon Templates
	Hot-Wire Chemical Vapor Deposition of High Hydrogen Content Silicon Nitride for Silicon Solar Cell Passivation and Anti-Reflection Coating Applications
	Material Improvements and Device Processing on APIVT-Grown Poly-Si Thin Layers
	Silicon Materials Research on Growth Processes, Impurities, and Defects
	Residual Stress Characterization for Solar Cells by Infrared Polariscopy
	Metallic Precipitate Contribution to Generation and Recombination Currents in p-n Junction Devices via the Schottky Effect

	Poster Session: Amorphous and Thin-Film Silicon
	The FTIR Laboratory in Support of the PV Program
	Real Time Optics of the Growth of Silicon Thin Films in Photovoltaics: Analysis of the �Amorphous-to-Microcrystalline Phase Transition
	Micro-Raman Measurements of Mixed-Phase Hydrogenated Silicon Solar Cells
	In Situ Studies of the Growth of Amorphous and Microcrystalline Silicon Using Real Time �Spectroscopic Ellipsometry
	Microstructure Studies of Amorphous and Microcrystalline Silicon-Based Solar Cell Materials
	Correlation of Structural and Electronic Properties with Solar Cell Efficiency for Amorphous Silicon Deposited at Increasing Growth Rates
	Optimization of Phase-Engineered a-Si:H-Based Multijunction Solar Cells
	Hydrogenated Microcrystalline Silicon Solar Cells Using Microwave Glow Discharge
	Transport, Interfaces, and Modeling in Amorphous Silicon Based Solar Cells
	A Paired Hydrogen Site and the Staebler-Wronski Effect in Hydrogenated Amorphous Silicon
	Nano-Crystalline Silicon: A New Solar Material
	Particles and Radicals in Amorphous Silicon Deposition
	Optimization on Temperatures of Filament and Substrate for High-Quality Narrow Gap �a-Si1-xGex:H Alloys Grown by Hot-Wire CVD
	Growth of High Quality a-Ge:H Solar Cells
	Growth and Characterization of HWCVD Si Films on Al Coated Glass
	Thin Film Silicon Materials and Solar Cells Grown by Pulsed PECVD Technique
	PECVD µc-Si:H Solar Cells Prepared in a Batch-Ty�
	Development of Optically Enhanced Back Reflectors for Amorphous Silicon-Based Photovoltaic Technologies
	Project Summary of the NREL Amorphous Silicon Team
	High-Efficiency Single-Junction a-SiGe Solar Cells

	Poster Session: Polycrystalline Thin Films (CIS)
	Practical Doping Principles
	A Superior Monocrystalline CuInSe2 Cell
	Transmission Electron Microscopy Analysis of Cu(In,Ga)Se2 Solar Cell Materials
	Cu(In,Ga)Se2 Materials, Devices, and Analysis for High Performance Devices
	Facilities Development for Ionized Physical Vapor Deposition of Cu(In,Ga)Se2
	Alternate Window Layer Processing for CIGS on Flexible Substrates
	Development of Plasma-Assisted Processing for Selenization and Sulfurization of Absorber Layers
	Development of Large Area CIGSS Thin Film Solar Cells
	Non-Vacuum Processing of CIGS Solar Cells
	Investigation of Pulsed Non-Melt Laser Annealing (NLA) of CIGS-Based Solar Cells
	DLTS Characterization of CIGS Cells
	Direct Measurement of Built-in Electrical Potential in Photovoltaic Devices by Scanning Kelvin Probe Microscopy
	Modeling and Simulation of a CGS/CIGS Tandem Solar Cell
	Back Contact Cracking During Fabrication of CIGS Solar Cells on Polyimide Substrates
	Advanced CIGS Photovoltaic Technology
	An Overview of the CdTe – CIGS Thin Film Solar Ce

	Poster Session: Polycrystalline Thin Films (CdTe)
	Atomic Structure of Twin Boundaries in CdTe
	Development and Application of Electroluminescence Imaging for CdS/CdTe Characterization
	Progress on High Bandgap CdSe and CdZnTe Devices
	CdTe Back Contact: Response to Copper Addition and Out-Diffusion
	Progress in Continuous, In-Line Processing of Stable CdS/CdTe Devices
	Temperature Dependence of Growth Rate and Morphology of Vapor Transport Deposited CdTe Thin Films

	Poster Session: Polycrystalline Thin Films (TCOs and Others)
	Barrier Coatings for Thin Film Solar Cells
	Advantageous Features of Transparent Conducting Oxide Films by Ultrasonic Pyrosol Deposition
	Highly Conductive Textured Molybdenum Doped Indium Oxide Thin Films
	Ink Jet Printing Approaches to Solar Cell Contacts
	Towards High Performance p-Type Transparent Conducting Oxides

	Poster Session: International Programs
	Technical Support for the Chihuahua Telesecundaria Rural Schools PV Electrification Program
	International Renewable Energy Programs at Sandia National Laboratories

	Poster Session: Standards, Systems Analysis, and Reliability
	NREL Spectral Standards Development and Broadband Radiometric Calibrations
	Photovoltaic Systems Performance and Reliability Database
	Status of IEEE P1526 — Recommended Practice for Testing the Performance of Stand-Alone Photovoltaic Systems

	Poster Session: Module Reliability
	Photovoltaic Module Thermal/Wind Performance: Long-Term Monitoring and �Model Development for Energy Rating
	PV Compliance Assistant: An Interactive CD ROM
	Adhesion Strength Study of EVA Encapsulants on Glass Substrates
	Electrochemical Corrosion in Thin Film PV Modules
	Accelerated Stress Testing of Thin-Film Modules with SnO2:F Transparent Conductors
	Nondestructive Performance Characterization Techniques for Module Reliability
	Investigation of Degradation Aspects of Field Deployed Photovoltaic Modules
	Testing and Evaluating a Solar Water Heating Product for The New Home Market
	Corrosion in Copper ICS Collectors at Civano Subdivision, Tucson, Arizona

	Poster Session: Manufacturing R&D
	PV Manufacturing R&D Accomplishments and Status
	Three-Stage CIGS Process Tolerance
	Innovative Approaches to Low Cost Module Manufacturing of String Ribbon Si PV Modules
	Recent Manufacturing Technology Developments at EPV
	Development of Online Diagnostic Systems for Roll-to-Roll a-Si Production: ECD's PV Manufacturing R&D Program
	Development of Automated Production Line Processes for Solar Brightfield Modules
	Measuring and Monitoring Electronic Properties of Si During Industrial Material Preparation and Cell Fabrication


	Attendee List
	How to Use This CD
	How to Search This CD
	Notice




